Three-dimensional structures of vacuum-deposited Cu species formed on TiO 2 (110) surfaces premodified with three mercaptobenzoic acid (MBA) isomers were studied using polarization-dependent total reflection fluorescence X-ray absorption fine structure (PTRF-XAFS) . We explored the possibility of fine tuning and orientation control of the surface Cu structures, including their coordination and 
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Introduction
Many heterogeneous catalysts are used as supported metal catalysts for the preparation of highly dispersed metal active phases. To achieve a high dispersion, the metal species should be 20 bound strongly to the support surface. The immobilization of metal species through covalent bonding can provide highly dispersed metal species, more so than the metal ion impregnation or ion exchange methods. The immobilized metal species is itself an active structure or is converted to an active structure after 25 appropriate treatment. 1 The immobilization of metal species is achieved by the grafting of a metal complex onto an oxide surface by the reaction with OH groups or by the anchoring of a metal species through a linker molecule that strongly interacts with both the metal species and support. 1 The structures and 30 oxidation states of the surface metal species can be determined and controlled at the atomic level; however, it is difficult to determine and tune the three-dimensional structure of a surface metal species, such as its orientation, coordination and configuration with respect to the support surface, by which the 35 synergistic effect between the metal species and support can be controlled at the atomic level. A single crystal oxide surface is a promising candidate for achieving this purpose, because conventional powder support materials have ill-defined surfaces, so that three-dimensional structural analysis and tuning is not 40 applicable. Polarization-dependent total reflection fluorescence X-ray absorption fine structure (PTRF-XAFS) analysis can provide three-dimensional structural information about the region around highly dispersed metal species on single crystal surfaces
We have determined the three-dimensional structures of Cu, Co, 45 Pt and Mo complexes and their derivatives grafted onto SiO 2 (0001), Al 2 O 3 (0001) and TiO 2 (110) in order to elucidate the metal-support interactions at the atomic level.
3-8
Grafting methods typically require the preparation of organometallic compounds in advance, although these 50 compounds are often unstable in air or high temperature. However, if the oxide support surface is premodified with an organic ligand that strongly anchors to a metal atom through a covalent bond, then a well-defined atomic metal species can be obtained without the need for organometallic compounds. We 55 have successfully prepared an atomically dispersed Cu-thiophene compound with Cu-S bond simply by vacuum deposition of Cu on a TiO 2 (110) surface that was premodified with thiophene carboxylic acid (TCA) in which the carboxylic group acted as a binding part to the TiO 2 substrate. 9 This preparation method is 60 referred to as the premodified surface method, in which various organic compounds are available for premodification purposes and for selective fine tuning of the surface metal structures. and for selective fine tuning of the surface metal structures. In this work, the TiO 2 (110) surface was premodified with mercaptobenzoic acid (MBA) isomers to attempt fine tuning and orientation control of surface metal (Cu) structures, including their coordination and configuration against the TiO 2 (110) support. Fine tuning and orientation control of metal species on an oxide support surface are important to modify the metal-70 support interaction that largely affects their catalytic properties and electron transfer processes from the metal (support) to the support (metal). MBA has three isomers, i.e., o-, m-and p-MBA, which have different merapto group distances from the surface, where the S atom position influences the structure of the Cu 75 species. Compared with the TCA molecule used in the previous study, 9 the position of the S atom in MBA can be controlled more precisely, because MBA has more isomers than TCA, and the S atom of the mercapto group has a higher affinity to metal atoms than that of thiophene, and thus, many more examples of metalthiolate compounds are reported than metal-thiophene compounds. Figure 1 shows that the distance between the S atom of the mercapto group and fivefold-coordinate Ti 4+ on the support surface changes from 0.40 to 0.87 nm [10] [11] [12] [13] and, therefore, the Formation of the MBA monolayer was confirmed by spectroscopic ellipsometry (GES5E, 30 Semilab) and typical results are shown in Figure S1 (a) and (b) in Supplementary Information. The substrate sample was then transferred to an ultra-high vacuum (UHV) PTRF-XAFS chamber 16 and Cu was evaporated onto the MBA-modified TiO 2 (110) surface by resistive heating of a tungsten filament 35 wrapped with Cu wire (99.999% purity, Nilaco Co., Japan). The Cu coverage was estimated to be 0.35±0.1 ML (monolayer) from the X-ray photoelectron spectroscopy (XPS) peak area ratios of Cu2p 3/2 -Ti2p 3/2 . 1 ML was defined as 5.2×10
14 /cm 2 with correspondence to the TiO 2 (1×1) unit cell. 
2-2 PTRF-XAFS measurements
PTRF-XAFS measurements were performed after Cu deposition onto the premodified TiO 2 (110) substrate samples without exposure to air, using the UHV PTRF-XAFS chamber at BL9A of the Photon Factory at the Institute of Materials Structure 45 Science (KEK-IMSS-PF, Tsukuba, Japan).
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The storage ring energy and ring current were 2.5 GeV and 400 mA, respectively. Considering the anisotropic surface structure of TiO 2 (110), PTRF-XAFS measurements were conducted with three different orientations against the electric 50 vector (E) of the incident X-rays, i.e., two orientations parallel to the surface, E//[001], ̅ and an orientation perpendicular to the surface, E//[110], as reported elsewhere. 5, 6, 8, 9, 16, [18] [19] [20] The polarization dependence of an overall XAFS oscillation  obs (k) can be given by equation The Cu Kα fluorescence was detected using a 19-element Ge solid state detector (SSDGL0110S, Canberra, USA). PTRF-XAFS analysis was performed using REX 2000 (Rigaku Co., Japan) for curve fitting analysis and FEFF8.02 code for theoretical simulation of 65 the extended X-ray absorption fine structure (EXAFS) oscillation,  cal (k). 22 The goodness of fit between  obs (k) and  cal (k) was evaluated using:
(2) 70 where N and ε(k) are the number of data points and the error, respectively. The structure model was adopted when R values lower than unity were obtained. The XANES spectra for Cu/o-MBA/TiO 2 (110) showed different features from that of Cu foil, which suggests the formation of a non-metallic Cu species. The mid-edge features at around 8984 eV for all orientations could be assigned to the 1s → 4p* transition, as determined from previous XANES measurements 85 and ab initio calculations. 23, 24 The inflection points of the edge appeared around 8981 eV for all orientations. Considering that the respective inflection points for Cu foil, Cu 2 O, CuO, CuS and [N(n-Bu) 4 26 and CuS (0.219-0.233 nm). 27 Previous results for Cu deposited directly on To determine the accurate structure of the Cu species, an iteration method was employed using a FEFF code and a real-10 space model structure. 5, 6, 8, 9, 16, [18] [19] [20] We determined the structure based on the following results and knowledge about o-MBA and TiO 2 (110) surface.
Results and Discussion
(1) Our polarization-dependent EXAFS measurements in Figure  3 The calculated EXAFS oscillations from the proposed model were in good agreement with the observed spectra. The Cu-S bond distance was 0.219 nm, while that for the Cu-O interaction was 0.185 nm. The Cu-S and Cu-O bond angles to the surface normal were 45 30 and 43°, respectively, where the precision by FEFF simulation was less than 3°. The S-Cu-O bond angle was estimated to be 177°, which is close to 180°. Many Cu(I) compounds have a linear structure accompanied by two ligands; therefore, it was concluded that Cu was monovalent, as indicated by the XANES 35 result. We also considered structural models with Cu-O (oxygen in the COOH or carboxylate of the MBA) bonding since the oxygen is also reactive and has a possibility to form the S-Cu-O structure. However we could not reproduce the observed polarization-dependent EXAFS spectra in Figure 3 (a) by 40 theoretical simulation using the models. Thus we concluded that the oxygen of the S-Cu-O structure was from the TiO 2 substrate.
It has been previously reported 9 that the stable adsorption sites for Cu on a bare TiO 2 (110) surface could be atop sites of the bridging oxygens, because a bridging oxygen has a dangling bond 45 pointing upwards from the surface. 29 However, Cu deposited directly on the bare TiO 2 (110) surface was aggregated to form clusters. 28 This indicates that the strength of the Cu-bridging oxygen bond is not sufficient to fix the Cu atom. The Cu atom can thus easily migrate to other atop sites of the bridging oxygen Cu-O was 0.185 nm. The Cu-S and Cu-O bond angles to the surface normal were 44 and 41°, respectively, where the precision by FEFF simulation was less than 4°. The S-Cu-O bond angle was estimated to be 176°. Note that one Ti-carboxylate bond of the adsorbed m-MBA had to be cleaved to give a monodentate 90 adsorption structure so that Cu could form bonds with S and O atoms, which was similar to the case previously reported for Cu/TCA/TiO 2 (110). 9 These results indicate that formation of the linear S-Cu-O structure is energetically favored, even though one Ti-carboxylate bond in the adsorbed m-MBA was cleaved. bridging oxygen and the nearest Ti atom was increased by 11.9±5.1% (compared to the bulk Ti-O distance) after vacuum deposition of Cu metal, 30 which is in agreement with the present results (14% increase when the upward displacement of the bridging oxygen is 0.040 nm). 30 The results also indicate that formation of the S-Cu-O structure is strongly favored and that premodification of the TiO 2 (110) surface with functional organic molecules containing a mercapto group effectively promotes atomic dispersion of vacuumdeposited Cu metal. 
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The equilibrium between bridge-bidentate and monodentate carboxylate has been demonstrated by scanning tunneling microscopy (STM) observations of formate on a TiO 2 (110) surface. 
Conclusions
90
Atomically dispersed Cu species were prepared on TiO 2 (110) surfaces premodified with o-, m-or p-MBA. The threedimensional structures of these Cu species were determined using the PTRF-EXAFS technique. S-Cu-O linear structures were formed on all three of the MBA-modified TiO 2 (110) surfaces. 95 However, the orientation of the Cu species on the TiO 2 (110) surface premodified with o-and m-MBA was 40-45° inclined from the surface normal, while that on TiO 2 (110) premodified with p-MBA was more flat at 60° from the surface normal, therefore, we can control orientation of surface Cu structures by 100 using different isomers of MBA. This difference in orientation may modify the synergistic effect of the oxide support on the metal species, which would affect chemical reactivity of the metal species. Figure S4 and Table S2 , respectively).) Figure S5 and Table S3 ).) 
Notes and references
